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The tonofibrils of skin epidermis, discovered by Heidenhain, were first de-
scribed in detail by Ranvier (9, cited in Montagna, 7), and have proved elusive
structures to later investigations (11, p. 344). However, the work of Giroud and
Champetier (5), and Derksen and Heringa (3), on the X-ray diffraction patterns
of the epidermis has shown the presence in the cells of fibrils giving an X-ray
pattern of the a-keratin type. The a-pattern was assumed to arise from the
tonofibrils or from a presumed fibrous protein deposited on the tonofibrils (6),
and Derksen and Heringa found that they could transform the a-pattern into
the a-pattern by stretching the skin in hot water. The fibrils have consequently
come to be regarded as a stage, pre-keratin, in the cornification process of the
skin.
RudalI (12) was the first to extract the proteins of the epidermis. To the
extracted fibrous constituent of the cells he gave the name epidermin, and
showed that it had physical properties associated with the tonofibrils of the
intact cell.
Improved technics in electron microscopy have now enabled the tonofibrils
to be seen more clearly, as shown in the work of Porter (see 7), and Selby (14),
and from our own electron microscopic studies we have derived a concept of the
tonofibrillar system of the epidermis which we describe below.
MATERIAL AND METHODS
Human skin was obtained usually from biopsy material by excision after local anes-
thesia with 2 per cent procaine solution containing 1:40,000 epinephrine. After removal,
the biopsy material was placed on a piece of cork moistened with veronal buffer at pH
7.2—7.4 and cut with a razor blade into pieces 1 mm square by 1—3 mm deep, which were
then fixed in chilled 1 per cent osmium tetroxide in the same veronal buffer (8). Fixation
generally commenced within eight minutes of injection and was continued for two hours
in a refrigerator at about —2°C, being subsequently completed by standing at room tem-
perature for a further 2 hours. As the fixative warms to the temperature of the room bub-
bles of air come out of solution and adhere to the material; care is therefore taken during
the first 15—20 mm. to shake the specimens free from these bubbles.
After the 4-hr. fixation the material is washed with four 15-mm. changes of distilled
water and kept overnight in 85 per cent ethyl alcohol. There then follows a 1-hr. period
in 95 per cent alcohol, two h-hr. periods in absolute alcohol, 1 hr. in equal proportions of
absolute alcohol and n-butyl methacrylate monomer containing 1 per cent benzoyl perox-
ide, and three 1-hr. periods in the methacrylate solution.
The material is then arranged in monomer on pre-polymerized plugs in No. 0 geletine
capsules and embedded overnight in an oven at 45°C.
In one experiment a piece of skin was stretched before fixation. This skin was obtained,
under general anesthesia preceding appendectomy, as a strip about 2 cm. long and 1 mm.
square cross-section. Before removal from the abdomen two ink marks had been made on
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it 1 cm. apart. Each end of the strip, which was kept moist with buffer, was tied with a
thin nylon suture, the suture at one end having previously had a loop made in it. The loop
was then caught on a glass hook fused into the bottom of a test tube, and the unlooped
suture pulled upwards, so stretching the skin about 50 per cent more than its in
situ length, as shown by the original 1 cm. mark. At this point a marked resistance to
stretching was felt, and no further force was exerted for fear of breaking the glass hook.
The end of the upper suture was then secured so as to maintain the tension, and chilled
osmium tetroxide poured in to cover the skin strip. Fixation commenced about 15 mm.
after the first incision, and, after corking the test tube, was continued as previ-
ously described
After washing, and standing overnight in 70 per cent alcohol, the sutures were untied
and the skin strip, which retained its stretched form, cut into suitably sized blocks for
embedding.
The embedded material was cut with glass knives, using a Cambridge rocking micro-
tome with an advancing mechanism suitable for ultra-fine sectioning.
The sections were examined on formvar- or carbon-coated copper grids in a Metro-
politan Viekers E.M.3 electron microscope.
RESULTS
The structure of a typical prickle can be seen in Fig. 1. The prickle consists
of a clear central region flanked on either side by an electron-dense line from
which springs a tuft of tonofibrils. Occasionally the electron-dense lines arc seen
to be double, as shown very clearly for Amblystoma by Porter, and more fre-
quently a dark line is seen to traverse the clear central region. The tonofibrils
have never been seen to pass through the clear central region.
Between the prickles the walls of the adjacent cells are distinct and contiguous,
and when cut transversely are easily distinguishable as a double line. If dehy-
dration is prolonged the walls tend to separate, giving rise to intercellular spaces
bridged by the prickles, which thus form the intercellular bridges commonly
seen in light microscopy. Since we have never observed the cell walls to separate
at the prickle and have never seen changes in the width of the clear central
region of the prickle, we have concluded that at the prickle the walls of adjacent
cells have fused, or, if the electron-dense lines are cell wall 'remnants', are firmly
cemented together by an osmiophobic and relatively inextensible cement. The
area of adhesion may be circular or oval, as shown in chance surface sections of
the cell wall, and in the living state the stretching, rubbing, and pressing to
which the skin is normally subject presumably cause the circulation of fluids
through the intercellular spaces which can arise everywhere except at the areas
of adhesion.
At the dermal-epidermal junction there is again seen a tonofibrillar tuft (Fig.
2), but here there is no counterbalancing tuft on the other, dermal, side of the
wall. The appearance of the tonofibrillar tuft on the junctional wall of the basal-
layer cells can show some variation in different human material, but in essence
we look upon it as half the normal prickle which, with its two oppositely situated
tufts, is the structure invariably seen between epidermal cells.
This assumption suggested to us that both ends of the tonofibril, or tono-
fibrillar bundle, are attached to the cell wall, the point of attachment being
the prickle or half prickle. The result of such an arrangement would be to link
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FIG. 1. Section of material from extensor surface of forearm of male aged 80 years. The
figure shows part of the outline of a Malpighian cell. The nucleus (n) and numer-
ous mitoehondria (m) are readily seen. Numerous prickles (p) are seen at the cell pe-
riphery, showing a light central region (p1) flanked by electron-dense lines (pd). From the
prickles arise tonofibrillar tufts (t) in which the tonofibrils (tf) can be distinguished. Be-
tween the prickles the double line representing adjacent cell walls can sometimes be seen
(cw). X31,500.
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Fm. 2. Section of material from extensor surface of forearm of male aged 31
years, showing the dermal-epidermal junction. Tufts of tonofibrils (t) can be seen arising
from their anchorages on the lower wall of the basal layer cells. The junction between
dermis and epidermis is demarcated by a rather diffuse, moderately osmiophilic, region
(j). Frequently this is replaced by a sharper basement membrane, while on other occa
sions it occurs together with the basement membrane, when it is always situated nearest
the dermis; (j) is therefore not an obliquely sectioned basement membrane. Fine dermal
collagen fibrils (c) form a rather sparse junctional lining of 'reticulin', while (f) shows
part of the sectioned cytoplasm of a fibrocyte. X 22,500.
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FIG. 3. Abdominal skin of female aged 23 years, stretched before fixation as described
in the text. Basal layer cells are shown, (bm) is the basement membrane, and (d) the der-
mis. The section is cut transversely to the direction of stretching, but shows the basal
cell under tension in the stratum corneum-dermis direction (see text). The tonofibrils on
the left one-third of the cell have oriented in response to this tension, while in the rest of
the cell response appears to be to the main stretching tension perpendicular to the plane
of the paper. The tension on the tonofibrils causes their anchorages on the base-
ment membrane to be pulled inwards, resulting in the puckering of the membrane, as
indicated by the arrows. The fibrils nearest the nucleus can be followed continuously
through most of the length of the cell, perhaps even from the basement membrane to the
upper cell-wall. A 'beard' of tonofibrils (b), coming from the edge of the nucleus (n), is
seen, though not particularly well in this case. The small dense dots are particles of gold
sol, about 150A diameter, used for focusing (4). (m) are mitochondria; (mel) are melanin
granules; and (no) are nucleoli. X 10,000.
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the whole of the tonofibrillar network of the epidermis into an elastic system
eminently snitable for taking np the distortional strains to which the epiderm
is constantly subjected. The opposite positioning, on either side of the area of
adhesion, of the tonofibrillar tufts of adjacent epidermal cells becomes under-
FIG. 4. Same material as used in Fig. 3 sectioned parallel to the direction of stretch.
The direction of the pull exerted on the tissue is diagonally from bottom left to top right,
and is exactly reflected by the predominant orientation of the tonofibrils (tf). A prickle
(p), a nucleus (n), and numerous mitoehondria (m) and melanin granules (mel) are seen.
x 18,000.
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FIG. 5. Same material as shown in Fig. 4 sectioned transversely to the diree
tion of stretching. The direction of the pull exerted on the tissue is perpendicular to the
plane of the paper and the tonofibrillar bundles are seen predominantly in cross section
as dots (tf). Some (ut) have not oriented in this direction, as explained in the text. The
prickles (p) can be seen at the periphery of the cells, which also show intercellular spaces
(is). A little densely staining keratohyalin (kh) can be seen precipitating in the granular
layer cell, but the nature of the numerous bodies (?) is not known to us. X 18,000.
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standable, because this arrangement allows the advantages of the elastic system
to be realized; the tonofibrillar attachment at the dermal-epidermal junction,
however, requires no counterbalancing tuft, because the adhesion between
dermis and epidermis enables any strain on that point to be transferred to the
dermis, and to the collagen and elastin fibers found there.
To elucidate further the possibilities of this concept we fixed skin in a stretched
state, as previously described. The 50 per cent extension was not as much as
we should have liked, but, as previously remarked, the feeling of resistance
encountered at this extension made us fear to stretch further because of the
possible fragility of the glass hook at the bottom of the test tube. The resistance
came, we suspect, largely from the dermal fibers, and occurs within the range
mentioned by van Scott (15).
By cutting sections parallel and transverse to the direction of stretching
we hope to discover something about the response of prickles and tonofibrils
to a condition which they are presumably designed to meet.
Our results were complicated by the presence of the dermal fibrous tissue just
mentioned, which not only limited the amount of stretch but also prevented
uniform response by the epidermal cells, so that in some parts of the skin they
were hardly stretched at all. Epidermal cells situated in the rete pegs were
frequently seen to be compressed; that is to say, in a section transverse to the
line of stretching they could be seen elongated in the vertical (stratum corneum
to dermis) direction, having presumably been squeezed between the fibers of the
flanking dermal papillae.
Fig. 3 shows the junctional wall of a basal cell compressed in this way. The
cell was elongated in the top-to-bottom direction of the figure, and such elonga-
tion presumably brings the tonofibrils under tension. The basement membrane
(bm) can be seen to pucker inwards at the tonofibril anchorage (arrows), which
suggests that there is tension at these points. If the puckering were due to an
inward compression along the line of the junction, it would be expected to occur
at the un-reinforced region between the tonofibril anchorages rather than at
the anchorages themselves which, so far as the electron micrograph shows, are
reinforced.
Despite the complexities we can say that sections cut parallel to the direction
of stretch are cut also parallel to the main orientation of the fibers, as shown in
Fig. 4; while sections cut transversely to the direction of stretch show transverse
sections of the tonofibril bundles, as shown in Fig. 5.
DISCUSSION
We conceive the tonofibrillar system of the epidermis to be arranged in the
way shown diagrammatically in Text-figure 1. A and B are Malpighian layer
cells, and C is a cell of the basal layer. The prickles are shown diagrammatically
as a joining of the otherwise separate cell walls of two epidermal cells, sym-
metrically tufted with tonofibrils. In the case of the lower, junctional, wall of
the basal cell a single tuft. of tonofibrils gives rise to a half prickle.
Exactly how these tonofibrils are connected within the cell we cannot say.
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Cell A shows a tuft on one wall dividing and joining various prickles on the
opposite wall; cell B shows a tuft contributing tonofibrils to prickles on all the
other walls; and cell C shows interlinkage between only two oppositely situated
prickles. Beyond the apparent futility of tonofibrils beginning and ending on
the same wall we can think of no obviously advantageous system of connection,
though perhaps it would be interesting to know whether at its other end a given
tuft divides itself up between various prickles, or whether it always retains its
identity and again attaches itself to a single prickle.
From these suppositions it can be anticipated that there will always be some
tonofibrils which do not orient themselves along the line of stretch; such fibrils
can be seen in Fig. 5, (ut). Furthermore, as the cells elongate the tonofibrils
will tend to be confined to the sides by the obstruction caused by the centrally
positioned nucleus, and in this connection we may remark that it is easy to find
nuclei with a 'beard' of tonofibrils in stretched material, an expected result if
they are adpressed to the nucleus by the stretching process (Fig. 3). Selby (14)
identifies such tonofibrils as the Herxheimer fibers of histological literature.
The experimental evidence so far described might also have been obtained
if the tonofibrils were lying free in the cytoplasm, or attached to the prickle at
one end only. To clear this point it would be ideal if we were able, by ultra-thin
sectioning, to follow the course of the tonofibrils from one prickle to another
within a Malpighian-layer cell. Unfortunately, due to the loss of material be-
tween successive sections of an ultra-thin series, as discussed by Williams and
Kaliman (16), and to their large number and undulating course, individual
tonofibrils are too fine to be systematically followed in this way. However, in
the flattened cells of the granular layer such a prickle-to-prickle course has been
observed for a single tonofibril bundle, which did not appear to divide; but this
is a rare observation to which little weight can be attached. The tonofibrils in
Fig. 3 can be followed through most of the cell, perhaps even from the basement
membrane to the upper wall.
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The indication given in Fig. 3 that a tension developed at the points of an-
chorage of the tonofibrils on the basement membrane is, we believe, certain
evidence for a one-ended attachment of the tonofibrils, and good evidence for
a two-ended attachment, for it is less plausible that such a tension should arise
if one end of the tonofibrillar tuft were free in the cytoplasm.
Further evidence* in favor of a two-ended attachment is suggested, again not
unambiguously, by the transformation of the a X-ray pattern to the (3 when
epidermis is stretched, as shown by Derksen and Heringa (3), and Rudall (13).
Rudall's work with films of epidermin showed that in water the extracted protein
did not cohere enough to allow it to be stretched to the (3 form, and should this
low interfibrillar cohesion obtain in the cytoplasm, an assumption we hesitate
to make, the two-ended attachment would seem probable, for then the force
required for the a-fl transformation could easily be brought to bear, and main-
tained throughout the 100—150 per cent stretch possible in transforming the a
form of the tonofibril to the fully stretched (3 form. Indeed, the ease with which
Rudall obtained the a-fl transformation in epidermis, which he ascribes to the
high molecular cohesion of the epidermal proteins, is readily understandable;
while Astbury's (1) inability to demonstrate the a-fl transformation in stretched
fresh muscle, which contrasts with epidermis, perhaps gives an indication of
the different function of the muscle fibril.
In delegating this entirely mechanical function to the tonofibrils—in consider-
ing them to be the epidermal skeleton—we realize that such a view has long
been held in one form or another. Thus in 1925 Tlnna, quoted by Rothman
(11, p. 344), regarded the tonofibrils as the fibrillary framework of the cyto-
plasm, which he called the 'spongioplasm'. Astbury (e.g., 2) and Rudall have
also regarded the tonofibrils as the chief structural protein of the epidermis.
Our suggestion attempts to give more precision to generally accepted beliefs,
and to clarify the relationship between the prickles and the tonofibrils.
The suggestion may also bear upon the relationship between the tonofibrils
and the process of cornification. In our view the tonofibrils are elements which
pass from the basal cell to the horny layer probably without essential change.
They have a structural similarity to keratin in the same way as myosin has, and
similarly for a purely mechanical purpose. The cornification process takes place
for the different mechanical function of forming an inert protective layer at the
skin surface. The biochemistry of cornification presumably takes place in the
non-tonofibrillary part of the cell cytoplasm, and in normal human skin the
first visible result of the process is the deposition of keratohyalin on the tono-
fibrillar network of the granular layer cells. The tonofibrils are therefore not
* After this paper had been submitted for publication we became aware of the work of
Alan R. Muir: J. Anat., Lond., 91: 251—263, 1957, and J. biophysic. and biochem. Cytol.,
3: 193—202, 1957. The intercalated discs of the heart muscle are likened by Muir to the
prickles of the epidermis, as shown by Selby (14), and it is clear from his text that myo-
fibrils run across the cell from disc to disc. Muir's figures also show intercalated discs from
which no myofibrils arise, to which he ascribes an impulse-transmitting function. We
would be tempted to wonder whether the myofibrils here are absent simply because they
are replaced by tonofibrils, but we can see no certain sign of the latter in the illustrations.
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necessarily precursors of the predominant type of keratin in the horny layers,
although their presence in the horny scales, as a 'keratin' within a keratin, seems
to confer on those layers their ability to undergo a-fl transformation. Roe's (10)
recent work on the isolation of a fibrous protein from the human epidermis shows,
however, that more fibrous material is obtainable from the upper than from the
lower epidermal layers, while callus material yielded only a small amount.
Rudall's work (13, p. 262), furthermore, shows a variation in the thermal stability
of fibers in the various epidermal layers, the a-fl transformation being more
easily undergone by fibers in the lower layers. We have therefore set out our
argument fully aware that much remains to be explained.
SUMMARY
Evidence is given suggesting that the tonofibrils of the epidermal cells are
attached at both ends to the cell walls. At these points of attachment, the prickles,
the walls of adjacent cells adhere, so that the tonofibrils of the whole epidermis
are linked into a continuous elastic system, thus enabling their mechanical
properties to be most effectively used.
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